Cyclotron resonance of the quasi-two-dimensional electron gas at Hg1-xCdxTe grain boundaries by Ludwig, F. et al.
Semicond. Sci. Technol. 7 (1992) 511-515. Printed in t h e  UK 
1 Cyclotron resonance of the quasi-two- 1 dimensional electron gas at Hg, - - x  Cd,Te I I grain boundaries 
F Ludwig?, G Nachtweit, M Walls$, N J Bassom$, H-U Miillert, 
W Kraakt, P Gilleg and R J Nicholas$ 
t lnstitut fur Festkorperphysik am Fachbereich Physik der  Humboidt-Universitat 
Berlin, 0-1040 Berlin, Invalidenstr. 110. Federal Republic of Germanv 
t Physics Department, Oxford University, Clarendon Laboratory, Parks Road, 
Oxford OX1 3PU. UK 
5 lnstitut f u r  Kristallographie und Materialforschung am Fachbereich Physik der  
Humboldt-Universitat Berlin, 0-1040, Invalidenstr. 110, Federal Republic of 
Germany 
Received 30 July 1991, in final form 31 October 1991. accepted for publication 
15 November 1991 
Abstract. The magnetotransmission of a p-type Hg,,,,Cd,.,,,Te bicrystal containing 
a single grain boundary with an inversion layer has been investigated in the 
submillimetre wavelength range. For the first time the  cyclotron resonance lines 
belonging to the various electric subbands of a quasi-two-dimensional carrier 
system at a grain boundary could be detected. The measured cyclotron masses 
and the  subband densities determined from Shubnikov-de Haas experiments are 
compared with theoretical predictions and it is found that the data can be 
explained very well within the framework of a triangular well approximation model 
which allows for non-parabolic effects. 
1. Introduction 
It is well known that defects in the region of grain 
boundaries in various semiconductors can lead to the 
formation of quasi-two-dimensional (QZD) carrier sys- 
tems which are confined in symmetric, V-like potentials. 
Magnetotransport investigations of inversion layers at 
grain boundaries in n-Ge [l], p-InSb [2 ] ,  
p-Hg,_,Mn,Te [3] and p-Hg,_,Cd,Te [4, 51 have 
shown that such QZD systems behave very similarly to 
those in MIS, hetero- and quantum well structures. In 
contrast to these artificially produced systems the exact 
shape of the potential and the nature of the interface 
states in the grain boundary case is not clear. Measure- 
ments of subband densities, cyclotron masses and sub- 
band energies which could provide information on the 
exact shape of the potential well and hence on the space- 
charge region are therefore of interest. 
Investigations of QZD systems in Hg,_,Cd,Te are 
additionally of great interest since for x values of between 
0.17 and 0.30 it is a narrow-gap semiconductor with a 
tunable gap and is therefore an ideal system for study of 
the effects of non-parabolicity on the properties of the 
QZD system. Although numerous experimental [e.g. 6-81 
and theoretical [e.g. 9-1 11 investigations have been made 
of the properties of quasi-two-dimensional electron gases 
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(QZDEGS) at HgCdTe surfaces some questions remain 
open. 
In this paper we report the first cyclotron resonance 
measurements of the QZDEG adjacent to' a grain boundary 
in a HgCdTe bicrystal. The results of the magneto- 
optical experiments are compared with data obtained 
from Shubnikov-de Haas (SdH) experiments and with 
theoretical models. Furthermore we compare our data 
with published measurements [6,7] of  systems in MIS 
structures and anodically oxidized surfaces of 
Hg, -.Cd,Te of comparable x values. 
2. Experlmental details 
The magneto-optical experiments of this paper were 
performed on a p-type Hg, _,Cd,Te bicrystal containing 
a single grain boundary. The bar from which the sample 
was cut was grown by the seedless travelling heater 
method (THM) using Te as a solvent. Details of the 
growth have been previously published [4]. From the as- 
grown ingot a slab-like sample of dimensions 1 x 3 x 
4 mm3 was cut by a wire saw which was used for both the 
transport and optical measurements. To avoid interfer- 
ence effects the sample was wedged. After cutting, the 
sample was electrochemically polished to produce 
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smooth surfaces. For the SdH effect measurements electri- 
cal contacts were made to the grain boundary after 
etching the sample to remove the damaged surface layer. 
Hall measurements of a bulk sample cut from a 
neighbouring part of the ingot yielded a net acceptor 
concentration N ,  - N ,  2 lOI5 [4]. By measuring 
the energy gap from the energy dependence of the 
infrared transmission at 77 K we obtained a value of 
x = 0.234, which then gave the low-temperature energy 
gap as E, (4.2 K) = 115 meV. 
The magneto-optical measurements were performed 
using an optically pumped molecular gas laser at discrete 
wavelengths between 47.7 pm and 21 5.4 pm at a temper- 
ature of 4.2K in magnetic fields of up to 8 T .  The 
measurements were carried out in Faraday configura- 
tion, i.e. the magnetic field and the Poynting vector of the 
electromagnetic radiation were directed perpendicular to 
the plane of the grain boundary. 
3. Results and discussion 
Typical transmission spectra measured at various wave- 
lengths between 118.8 pm and 215.4 pm at T =  4.2 K are 
shown in figure 1. The spectra show several pronounced 
absorption maxima with the peak at the low-field side of 
the spectrum much larger than the others. Plotting the 
photon energies against the resonance field position 
(figure 2) shows that, excepting a weak resonance which 
appears only at the wavelengths 118.8 um and 145.65 pm 
at fields helow the position of the strongest absorption 
peak, all the extrapolations pass through the origin, i.e. 
the resonances are the result of cyclotron resonance 
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Figure 1. Transmission spectra versus magnetic field 
measured at 4.2 K for various wavelengths. 
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Flgure 2. Transition energies plotted against magnetic 
field. The broken lines are guides to the eye for the  
cyclotron resonance transitions. The hatched area 
indicates t h e  HgTe reststrahlen region. 
transitions. The magnetotransmission was not measured 
for laser wavelengths between 47.7pm and 118.8pm 
since this range is close to the reststrahlen hand [7]. 
An extrapolation of the two data points from the 
weak low-field resonance to B = 0 would yield an energy 
of about 8.5 meV. This is consistent with an intra- 
impurity level transition of a shallow acceptor (or the 
lowest Hg vacancy level) with a binding energy of order 
10 meV, similar to the values determined by optical 
measurements [i2-i43, but ihis is uui 811 accuiaie vaiiis 
as no fitting of the impurity levels was attempted. 
The three weak resonances on the high-field side of 
the spectrum can be identified as cyclotron resonance 
transitions of the various occupied electric subhands. The 
corresponding masses were calculated using 
m:i = eB/w 
and are plotted against the photon energy in figure 3. It is 
well known from theoretical [9, 10, 151 and experimental 
[6,7, 161 studies of the effects of a non-parabolic band 
structure on Q ~ D  electron systems that the cyclotron 
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Flgure 3. Cyclotron masses of subband and bulk electrons 
plotted as a function of t h e  photon energy. The hatched 
area shows the HgTe reststrahlen band. The experinlental 
errors are +0.002m0 for the bulk, +0.001m, for the  i = 0 
and i = 1 subbands and ~0.0015m0 for the i = 2 subband. 
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masses of the QZD carriers are larger than the correspond- 
ing band-edge mass and decrease with increasing sub- 
band index (except in the case of a simple square-well 
potential, for which the cyclotron masses of the carriers 
in different subbands should be equal despite non-para- 
bolicity). Within the experimental errors no dependence 
of the cyclotron masses on the laser energy was found. 
In considering the strongest line in our experimental 
curves it is worth noting that our spectra are very similar 
to those measured by Singleton et al [’I] for anodically 
oxidized x = 0.2 HgCdTe samples. In that case the 
authors attributed the strong line to bulk electron reso- 
nance. Despite the fact that our samples are p-type bulk 
with a degenerate n-inversion layer at the grain bound- 
ary (as is shown by Hall measurements [4]) the large 
absorption seems to indicate that a bulk effect is again 
involved. The total absorption corresponds to a sheet 
density o f 4  x 10” cm-’, which is far higher than could 
be accommodated in a higher ( i  = 3,4) subband, but 
would be consistent with a thin layer of order 4 pm thick 
and a bulk electron concentration of order 1015 ~ 1 3 1 ~ ~ .  
This would not be detectable in the high-temperature 
Hall measurements when the bulk holes are thermally 
ionized as the sheet density in the 1 mm thick samples is 
lOI4 cm-’. The energy dependence of the ‘bulk’ cyclo- 
tron mass below the reststrahlen region shows a pro- 
nounced slope, and fitting these data with the well known 
formulae for the conduction band Landau levels of a 
Kane-like narrow-gap semiconductor 1171 with Weiler’s 
parameter set [18] yields values of E ,  = 98 k 3 meV for 
the gap energy, mX = (0.0074 f 0.0002)m0 for the con- 
duction band edge mass and gX = -115 k 5 for the 
effective g factor. 
Although we have no conclusive evidence we believe 
that the appearance of a bulk electron cyclotron reso- 
nance in the p-type material could result from strong 
inhomogeneities across the sample. The p-type bars are 
highly compensated so it could be the case that n-type 
regions exist. This assumption is supported by a recent 
measurement in which the submillimetre beam was 
focused onto a relatively small (about 1 mm diameter) 
region of the sample and no bulk resonance appeared in 
the spectrum. The gap energy E ,  deduced from the bulk 
cyclotron resonance position is considerably smaller 
than that determined from the optical absorption edge, 
which suggests that the n-type regions would need to 
have a lower x value than the p-type material, and hence 
a reduced gap. This is perhaps not unexpected around 
the region close to a grain boundary. The n-type regions 
would only need to be a few micrometres thick, as 
discussed above, so that the infrared transmittance versus 
photon energy measurement measures the gap energy of 
the majority of the 1 mm thick sample, while the value 
obtained from the bulk cyclotron resonance is deter- 
mined only by the thin n-type areas. 
The subband cyclotron masses determined from our 
cyclotron resonance measurements and shown in figure 3 
are considerably smaller than those reported by  Kraak et 
al[4] for a sample cut from a part of the ingot adjacent to 
that from which our sample came. The values obtained 
by Kraak et al were deduced from an analysis of the 
temperature dependence of the amplitude of the SdH 
oscillations, giving m:, = 0.037m0, m:, = 0.023m0 and 
mT2 = 0.017m0. 
In our earlier work on InSb bicrystals [I91 we found 
that the experimental cyclotron masses and subband 
carjier densities could be theoretically explained quite 
well in a triangular-well approximation which included 
the effect of the non-parabolic band structure. Zawadzki 
[IS] derived the following transcendental equation for 
the Landau level energies of electrons in a symmetric 
triangular well 
b112 - a l / 2  I (b - 1 (a  + b)a”2b”2 + (b  - a)’ In 
112 
= (’) 2ne~h(i  + 1/2) i=O,1 ,2  
with 
a = E - E l l  b = E + E l l + E ,  
and 
E = -  -/? + /(+)’ + E,[ho,(n + 1/2) + sp,g,B] 
2 
where F is the electric field strength, Ell is related to  the 
non-parabolic bandstructure (see [IS] for details), /I, is 
the Bohr magneton, wc the cyclotron frequency, n the 
Landau quantum number, i the subband index and s the 
spin quantum number (f 1/2). To calculate the cyclotron 
masses via the equation m,: = heB/(E,+,, j , ,  - En,j,,) one 
has to know the position of the Fermi level. This is 
determined by the filling of the Landau levels, i.e. by the 
subband densities. 
To find the electron densities SdH measurements were 
performed. A typical curve of the longitudinal magneto- 
resistance is shown in figure 4. Similar curves have been 
obtained by Kraak et al [4] and Nachtwei et al [5] for 
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Figure 4. Magnetoresistance R,, versus magnetic field 
measured at T = 4.2 K. 
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neighbouring HgCdTe bicrystal samples. Detailed inves- 
tigations in the latter paper using a digital Fourier 
transform technique have shown that the p,, traces are 
complicated by interfering spin-split levels in addition to 
the superposition of the sets of Landau levels coming 
from the different electric subbands. Two sets of oscilla- 
tion periods were found and it was concluded that an 
asymmetric potential barrier existed at  the grain bound- 
ary interface. 
A careful analysis of the SdH pattern of figure 4 shows 
that above 2.1 T the oscillations originate mainly from 
spin-split levels of the i = 0 subband and yield a subband 
density of nso = 6.3 x 10" cm-l whereas in the field 
range 0.13 T < B < 2.1 T three main periods could be 
detected which are due to the spin degenerate i = 0,1,2 
with electron densities of 
n,, = 5.4 x 10" cm-Z 
nS1 = 1.7 x 10" cm-l  
= 0.44 x 10" cm-l. 
In principle the two n,, values could indicate the presence 
of two different subbands. The difference in carrier con- 
centration, however, only amounts to about 17% and is 
probably due to the redistribution of electrons into the 
i = 0 subband as the higher subbands are emptied. 
Another explanation could be the existence of a slightly 
asymmetric double potential well at  the grain boundary 
and consequently of two QZDEGS as discussed by Nacht- 
wei et af [SI. It is interesting to note that, contrary to our 
experience with InSb hicrystals. where we found compa- 
rable values of the total QZD electron concentration for all 
samples, HgCdTe bicrystals cut from the same ingot 
exhibit large differences in their electronic properties. 
With the subband carrier densities known the electric 
field strength F and the position of the Fermi level E, 
were adjusted so as to obtain the best fit to the experi- 
mental values of then,[. Table 1 shows the best fits which 
were obtained using a value of E, = 115 meV and F = 
5 x lo4 V cm-', and E, = 125 meV. 
It is clear that the fits obtained for the masses are in 
good agreement with the experimental data. A variation 
of the bandgap, and consequently of the band-edge mass 
mf,, has only a small influence on the results. The fits do, 
however, only give two occupied subbands, which is a 
reflection of the fact that the simple triangular model 
Table 1. A comparison of the experimentally determined 
subband masses and densities with those calculated from 
the triangular well approximation. 
Experimental values Theoretical fit 
E,(meV) 125 
F(Vcm-') 5 x io4 
n,,(10" cm-*) 5.4 5.3 
n.,(10" cm-') 0.44 0 
m:,(m,) 0.018 0.019 
n,,(10" cm-') 1.7 1.7 
mto(mo) 0.026 0.024 
mt2(mo) 0.014 
does not take account of the band bending, and/or any 
possible change to an accumulation layer due to the type 
conversion near to the grain boundary. 
The excellent agreement 'between experiment and 
theory seems somewhat surprising since the potential 
well has been approximated by a simple triangular one 
and the calculations are based on a model that, while it 
takes account of the non-parabolicity of HgCdTe, has 
been found to overestimate the cyclotron masses for 
given subband populations in InSb [19]. In cyclotron 
resonance experiments on gated p-InSb samples Merkt et 
af [16] found that the experimental cyclotron masses lie 
substantially below the theoretical values, although the 
subband populations and energies are accurately pre- 
dicted by the theory. InSb bas a relatively large bandgap 
compared with x = 0.2 HgCdTe, so that conduction- 
valence band mixing does not seem to be the cause of 
the discrepancy. Cyclotron resonance and SdH measure- 
ments by Singleton et al [20] of accumulation layers at 
various anodic oxide films on x = 0.2 n-HgCdTe showed 
a similar behaviour. These measurements, the InSb inver- 
sion layer measurements and work on the electric spin- 
splitting of the subbands in inversion layers on p-type 
HgCdTe [2l] all differ from the present results in that 
they were carried out on systems with asymmetric confin- 
ing potentials. In contrast to such asymmetric potentials 
the effects of the confining electric fields will be mini- 
mized in the symmetric potential of the bicrystal. 
4. Summary 
In this paper we have reported the first successful cyclo- 
tron resonance measurements of the QZDEG adjacent to 
the grain boundary of a p-type HgCdTe bicrystal. In 
contrast to our 'previous experiments on InSb bicrystal 
samples [19], the cyclotron resonance lines belonging to 
different occupied electric subbands could be detected. 
The experimental cyclotron masses and the subband 
carrier densities determined from the SdH oscillations 
agree very well with calculations which have been per- 
formed in a simple triangular-well approximation. 
Nevertheless, questions remain concerning the observa- 
tion of a bulk electron cyclotron resonance in the p-type 
HgCdTe material, the discrepancy in the gap values 
determined by infrared transmission and cyclotron reso- 
nance measurements and the analysis of the SdH data. 
These points are the subject of further investigations. 
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